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BACKGROUND OF THE INVENTION 

* * • * 

The present invention relates to analytical equipment for performing electrochemical assays on 
microbial samples. In particular, the present invention relates to electrodes for use in such analytical 
5 equipment 

Accurate and rapid determination of microbial activity is essential in many areas, including pollution 
control; quality assurance in the food, drink and drugs industries; and clinical analysis of bodily fluids and 
other medical samples. 

For a long time, the standard method for the enumeration of bacteria has been an agar plate count. This 
io method has many disadvantages, especially the time needed to obtain results. Even with the fastest growth, 
18 hours is needed for visible colony formation, and then there is the task of counting the colonies. 

There have been proposals to employ bioelectrochemical cells or fuel cells for assaying of micro- 
biological samples. For example, amperometric determination of viable cell numbers based on sensing 
microbial respiration is described in Appl Microbiol Biotechnol (1981) 12, 97; the use of a microbial fuel cell 
15 for the rapid enumeration of bacteria is described in Appl Microbiol Biotechnol (1988) 28, 26; and an 
investigation of a simple amperometric electrode system to rapidly quantify and detect bacteria is described 
in J Appl Bacteriol (1989) 66. 49. Further aspects of amperometric bioassay systems are described in EP 
190470 and 238322, andl5B 2181451 and 2181558, among other examples. Some of these systems 
employ a filter to capture microbial cells at the electrodes, after which the determination is effected. 

20 ' 

OBJECT OF THE INVENTION 

The aim of. the present invention is to permit development of analytical equipment for electrochemical 
determination of microorganisms and other cells which can be repeatedly used to give reliable results. 

25 

SUMMARY OF THE INVENTION . 

The present invention provides analytical equipment for a bioelectrochemical determination of microor- 
ganisms or other cells in a liquid sample using a working electrode and a reference electrode. The working 
• 30. electrode, the reference electrode, and a filter for retention of solids in the vicinity of the electrodes are 
provided as a disposable element. The analytical equipment has receiving means for releasably receiving 
the disposable element. 

Since the electrodes and filter are provided as a disposable element, the user of the analytical 
equipment does not have to set up the electrodes and arrange the filter. A greater degree of certainty and 
35 reliablity is introduced by employing the disposable element, which may be carefully manufactured as a 
sealed unit under controlled conditions to a consistent quality. 

The disposable elements themselves are part of this invention, and in further aspects, the present 
invention provides methods of assay for microorganisms or other cells which methods employ the 
disposable elements. 

40 

PREFERRED EMBODIMENTS OF THE INVENTION 

The disposable element in conjunction with the associated analytical equipment is suitably designed for 
through-flow use to trap any cells in the sample, effecting concentration and allowing washing. At present a 
45 generally planar disposable element is preferred, especially for use with the electrodes and filter extending 
. generally horizontally, and with tlow through the element being generally vertical. 

The filter of the disposable element may be interposed between opposed electrodes, or in alternative 
constructions, the filter can be upstream ol the electrodes. The choice of filter material depends on three 
main criteria: good retention of biological cells (90% or better); adequate flow rate at a given pressure; and 
so reasonable resistance to blockage. The last two criteria affect the volume ol a particular sample that can be 
introduced and hence the degree ol concentration obtainable. 

Particularly suitable filters are depth fillers, especially glass libre fillers (for example, as manufactured 
by Whatman or Millipore). Other filters can be employed, such as membrane filters, charge-modified filters, 
and so on. Alternative forms of filters might be adopted, including capture matrices such as antibodies or 
55 lectins immobilised on beads. The filter may be housed in a housing made from two halves fitted together. 
These two halves can be made in an injection moulding process. Furthermore, meshes can be employed to 
encourage the desired How and distribution of liquid through the lilter. 
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larger voltage. 

The use of the fusible fink has wider application, for example, a range of disposable elements can be 
provided with different uses, each type within the range having a fusible link with a characteristic resistance. 
R can then be arranged that the analytical equipment can distinguish between different resistance types, 
5 and make use of this information, including to optionally display or otherwise indicate the type of disposable 
element which has been placed in the equipment. 

More generally, Ihe fusible link can be employed in disposable elements which do not have a filter. 
Disposable elements comprising a working electrode and a reference electrode are described, for example, 
in EP 127958, and in "Biosensors Fundamentals and Applications" eds Turner, Karube and Wilson, OUP, 
w 1987. 

In accordance with a further aspect of this invention, there is provided a disposable element for use in 
analytical equipment for an electrochemical determination, the disposable element comprising a working 
electrode, a reference electrode, and a fusible electrically conducting link which may be fused to ensure 
single use of the disposable element. 
J5 The disposable elements lacking a filter are preferably manufactured in accordance with the disclosure 
in EP 127958 (published 12 December 1984), which is incorporated herein by reference and to which the 
reader is now specifically referred. For example, the working electrode may incorporate a mediator and/or 
an enzyme. Such disposable elements may be designed as generally planar elements, as shown in EP 
127958. Printed electrodes are preferred. 
. 20 However, disposable elements without filter may have utility beyond mediated and like assays, and their 
general use in electrochemistry is envisaged by the present invention. The user of the analytical equipment 
does not have to set up the electrodes as before, and a greater degree of certainty and reliablity is 
introduced by employing a disposable element, which may be carefully manufactured as a sealed unit 
under controlled conditions to a consistent quality. 
2S The disposable element, with or without filter, is advantageously packaged in a sealed packet, for 
example a packet made of plastics-boated aluminium which may be opened at the point of use. 

The analytical equipment is preferably configured in conjunction with the disposable element such that 
there is only one way in which the disposable element can be received in the receiving means. The 
receiving means preferably comprises a generally horizontal recess accessed from above by a door, though 
30 other constructions are possible, including a horizontal slot accessed horizontally, a drawer, a vertical slot 
accessed vertically; and so on. 

For preference, the engagement of the disposable element in the analytical equipment results in 
automatic alignment of fluid paths and electrical connections. The analytical equipment typically has its own 
pump, supplies of buffer, and other components. For automation of sample feeding and electrical 
35 measurement, microprocessor control is preferred. In order to ensure consistent results and maximised 
responses, the analytical equipment suitably includes a heater for incubating the microorganisms retained 
on the filter. An air bubble sensor can be included, in order to detect air bubbles and thereby avoid false 
results. A suitable sensor comprises two electrodes in the fluid path. 

In one method in accordance with the present invention, a respiratory assay is carried out, employing 
40 an artificial mediator compound. The precise mechanism by which respiration assays function is unclear. 
The process of respiration in the bacterium involves oxidative degradation of a substrate, with consequent 
abstraction of electrons. These electrons pass between redox agents sited in the membrane of the cell, 
which include proteins such as the cytochromes, and small lipophilic molecules such as quinones. In 
aerobic respiration the electrons eventually participate in the reduction of oxygen, in anaerobic respiration, 
45 nitrate, fumarate, or other compounds can function as terminal oxidants. It is to be assumed that artificial 
mediators which are capable of becoming reduced in the presence, of respiring bacteria do so by 
abstracting electrons from one or more of the redox agents in the membrane. 

For a respiration assay, the disposable element of this invention is temporarily secured in the analytical 
equipment. The sample is brought in to contact with the filter, for example by flowing the sample through 
50 the disposable element, thereby capturing microorganisms on Ihe filter. A solution of a mediator compound 
is then brought in to contact with the electrodes and the filter, and thus with cells captured on the filler. The 
working electrode is, then poised at an effective potential. II the potential is such that chemical species in 
the solution can be reduced or oxidised at the working electrode, a current will flow Ihrough the external 
circuit. This current flow at the electrodes can be monitored. By comparison with results obtained under 
55 standardised conditions, a quantitative assay becomes possible. 

Micro-organisms or other cells which may be assayed by the use of the present invention include 
Gram- positive bacteria, Gram-negative bacteria, fungi, algae, cyanobacteria, yeasts, single celt cultures, and 
other microbes. Specific examples of cells which may be assayed include Pseudomonas lluorescens, 
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Salmonella lyphimurium. listeria monocytogenes , and Escherichia coli 

Mediators such as ferrocene and ferrocene derivatives maTbe adopted in this invention Other 
mentors which may be adopted include quinones, phenazine methosulphate, and e pe^ o2n 
zoqumone. The mediator is preferably supplied as a solution of effective concentration * " 

s The use of a filler in the disposable element allows microorganisms to be concentrated frn m .h D 
sample, and permits washing of the sample. For example, reduc.Ls present in orange St ? „ 
ascorbic acid) might interfere with a respiratory assay, bu, such ^^ .^^S^ 
allowing measurements to be taken on the microbes alone. y ' 
The analytical equipment of the present invention may be used for enzvme a.« a „« h„ ,H,nv . 

contact with the e.ectrodes and the filter, the substrate being JZ^^^ VSS? ^ 
rs enzyme is allowed to catalyse conversion of the substrate to a produJ^S^ZT' ^ 
of .he substrate. The working electrode is poised a, an effect potent Z t£^JZ££i 
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current measurement made in which the results of the ,eac«on are assayed. The S£Z o, 2iS 



5 



EP 0 593 096 A2 

• • * ' ' ' ' • 

to the sample is then the difference between the two measurements: 

The present invention will now be further illustrated with respect to the accompanying drawings, in 
which: 

5 SUMMARY OF THE DRAWINGS 

Figure 1 shows an exploded view of a disposable element according to the present invention; 
Figure 2a, 2b and 2c respectively show a view from above, a vertical cross-section, and a printed base 
plate for another disposable element according to the invention; 
io Figure 3 shows a continuous tape providing multiple disposable elements of this invention; and 

Figure 4 shows a perspective view in open configuration of analytical equipment according to the present 
invention; 

Figure 5 shows stages in an immunoassay of the present invention; and 

Figure 6 shows graphs of measurements taken on an pyrrolidonyl aminopeptidase system of Example 7. 

75 

EXAMPLES OF THE INVENTION 

« * 

Example 1 

20 Disposable El ement 

■ ' ■ 

Figure 1 is an exploded view of one embodiment of a disposable element of this invention. Considered 
from the bottom of the figure, the element comprises a base plate 10 with central aperture 11 and printed 
working electrode 12, reference electrode 13, fusible link 14 and electrical contacts 15; an adhesive layer 

25 16; a filter membrane 17; a backing mesh 18; an impermeable centre spot 19; an adhesive ring 20; a 
diaphragm 21 with counter electrode 22; an adhesive layer 23; and a top cover 24 with central aperture 25. 
Coaxial apertures 26 extend through to the electrical contacts 15 on the base plate, and apertures 27 
through to the counter electrode. 

When sample is pumped through the disposable element, the diaphragm 21 flexes away from the filter 

30 17 to allow liquid flow fully across the filter. When pumping ceases, the diaphragm relaxes and the filter is 
then held in close contact with the electrodes. 

Example 2 

35 Disposable Element 

Figure 2 illustrates the currently preferred construction for a disposable element of this invention. A 
base plate 30 of pvc serves as the electrode support. There are two concentric electrodes comprising a 
working electrode 31 screen-printed in organic-based carbon ink, and an outer reference electrode 32 

40 screen-printed in silver/silver chloride ink, and including a fusible link 40. The base plate has one central 
aperture 33 for liquid ingress. An upper sheet 34 is formed to. hold a filter disc 35 of glass fibre in place. A 
two-step recess is formed in this sheet, so that when the element is assembled, the filter disc is crushed 
slightly around its edge, discouraging leakage of fluid round the edge of the filter. 

Outlet of fluid is through eight apertures 36 in a circle: this ensures that the whole extent of the filter 

45 within the second step of the recess is used for filtration. To further ensure the maximum possible flow rate 
a dimpled texture with dimples 37 is formed on the upper sheet within the eight outlet apertures. This holds 
the filter away from the back wall of the disposable when under pressure. Three apertures 38 in the upper 
sheet expose the electrode and fuse contacts 39. Although pvc is used for both halves of the disposable 
element, other plastics such as polycarbonate could be used. While the upper sheet of pvc is thermoformed 

so into shape at present, this component could equally be injection- moulded in polystyrene, or made in other 
ways. 

After assembly of the two sheets of pvc with filter disc, the two halves are adhered together with 
transler adhesive, or alternatively using thin (<5urn) double-sided tape or liquid glue printed, sprayed or 
rollered. The disposable is then punched out into its final shape, which is essentially rectangular, with 
55 rounded corners and a notch on the left hand side ensuring correct insertion into the housing shown in 
figure 4. 

In a further embodiment shown in Figure 3 of the disposable element, the disposable elements can be 
provided as a continuous tape, as illustrated in the figure in partially exploded form, with a continuous 

6 
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bottom ribbon 46 carrying the electrodes, a conlinous filter ribbon 47 and a r™t.™.„ ^ 

nbbon 48. Such a tape is particularly useful with analytical eouioln. n ' ernb ° SSed Upper 

•or sequentially feeding ,he elements* , urn l^S^SS^ " ' ^ ^ 

5 Example 3 . . 



Analytical Equipment 



- ^:££^±i£? '""IT* with this invention. 

. (no, shown) for L hand^ ^^^ and means 

make automatic electrical and fluid connection, m i» HilT hardware - The equipment is designed to 
54 of the housing is latcheST P ° Sab ' e e ' ement Pbced in ,he recess *»*n the lid 

The measurement system includes a thermostatted heatfr * m 
is switching valves, and air-bubble sensor a potonHos a, for n9 SyS ' em wi,h a pum ^ 

.)p«nw hngh Die eel nnM qranifc <* samWe and „ ^ 

.25 The analytical equipment of Figure 4 with disposable elements of Finn* o M K 

-nstance. in a respiratory assay, for which the -f^p^MkJ!^^ * 

A. Simple protocol 

30 1. Introduce sample. 

2. Wash with buffer/electrolyte. 
. 3. Introduce mediator/buffer/electrolyte. 

4. Incubate for specified period at specified temperature. 

5. Apply potential and measure current 

35 . 

B. Protocol with lower-value calibration 



1- Hush system with mediator/buff er/electroly re. Wait tor specified temperature 
2. Apply potential, measure current. Record as null value. lern ? eratu 'e- 



40 3. Wash with buffer/electrolyte. 
4. Continue from (At) above. 

Example 4 
45 An Immunoassay 



50 
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B. ontter^ ,he « - 2. capturing bacteria 

a solution o, an^e^TS^ 2 St^TTf ^ ' ' ea9en '' "•** ' S ,0 " 0Wed «* 
particular genus, species (o seroZHt S * " deSi9ned to bind specifically with a 

group to facilitate K^.fiSI? ? C0UpW » 3 " ^me'eporter 

label now intimately associated wuh the Zm, T T« ""^ ' eW ,he 

(such as alkaline Itosp^TcTete s Z * , , ** aPP '° P ' ia ' e SUbS " a,e 63 ' ™* enzyme 
---nis^^^^ * manner, whose 

^^^^Z^l^^T * - ««*• - trapped in the filter. The 

in.erac.ion, i, afeo direcl IT^E^T £££ **** » « "» 
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Example 5 



A respiratory assay 



70 



Following insertion of the disposable element of Figure 2 in to the housing of Figure 4-10 ml of 
phosphate/chloride buffer (100mM sodium phosphate, 100mM sodium chloride, pH 6.8, containg 10mM 
glucose) was pumped in an upward direction. Sample was then introduced, followed by buffer to wash 
medium components from the filter.. The assembly was next flooded with the buffer solution, containing 
1.25mM p-benzoquinone. The whole was then incubated at 37 'C, typically for 10 minutes, after which time 
a potential of + 400mV vs Ag/AgCI was applied to the working electrode and the current recorded. 

the following table shows the responses (uA at t = 30 seconds, corrected for background), obtained for 
four different. microorganisms at various ; dilutions in appropriate media. 
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Microrganism 


cfu/ml 


response 


Bacillus cereus (NCFB 1771) 


1x10 7 


4-2 




1x10 s 


0.5 


Pseudomonas fluorescens NCTC 10038). 


2x10* 


8.0 




2X10 3 


10 


Escherichia coli (NM 522) 


1.3 x tO 8 


10.0 




1.3x 10 s 


1.6 


* 


1.3x10* 


0.6 


Serratia marcescens (ATCC 1 4756) 


7.7 x 1Q 8 


23.6 




7.7 x10 s 


4.5 




7.7 x 10* 


1.0 



30 Example 6 



Screening of Bacteria 



The response of a benzoquinone respiration assay with several species of bacteria was tested, and the 
35 relative responses of the different bacteria measured. The reaction was carried out in 100mM sodium 
phosphate buffer, pH6.8, containing 100mM sodium chloride. Glucose was included at 10mM, and p- 
benzoquinone was present at 1.25mM (p-benzoquinone was obtained from BDH, and recrystallised from 40- 
60" petroleum ether). Bacteria were grown in either nutrient broth (Gibco BRL) or in yeast glucose broth 
(nutrient broth plus 0.3% w/v yeast extract; 0.5% (w/v) glucose, pH6.8) but were washed and resuspended 
40 in 100mM sodium phosphate pM6.8; lOOmM sodium chloride; tOmM glucose prior to assay. Bacteria were 
either added directly to the cell along with mediator solution, and incubated at known temperature for a 
given time, or the incubation was performed remotely from the cell and the solution transferred to the cell 
for measurement. The currents were normalised for cell numbers (as estimated by standard plate count) 
and expressed relative to the response of E. coli NM522 taken as 100. The results are presented in the 
45 following table. 



Table 



50 




Response 


Bacillus badius ATCC 14574 


50 




Bacillus ceieus NCFB 1771 


3098 




Bacillus sphaericus ATCC 14577 


375 




Bacillus subtilis NCFB 1769 ■ 


2159 


55 


Escherichia coli NM522 


(100) 




Pseudomonas fluorescens ATCC 25289 


4.5 




Salmonella typhimurium ATCC 13311 


50 
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Data for Bacillus cereus and Bacillus sublilis are included in the table, but- the plate-count results for 
Jese organisms were surprisingly tow (hence the large normalised responses) Ther ! , 

asisr a " m species of m te — - - - 



Gram-staining behaviour 
Example 7 



Enzyme activity was assayed using both mammalian pyrrofidonyl aminooebtidase and .h» ~i 
natural* present in Pseudomonas taSSSS-ATCC 25289 A cJLZ%^£^*™ 
70 rnammahan enzyme is presented in Figure 6(a), using 50mM TrisHCI dH 8 3 mn k f k? ^, 

subs, rate . A calibration curve for Ps fluorescens is Resent J?S£i * ' ^ -^^LP* 
buffer as before. A good linear response with bacterial cell numbers was observ^ in t . J" 

» the enzyme activity was tound to be .ocalised within the iStTiSU! S 



;s 



Further Examples 



Although the .nvention has been illustrated with reference to disposable elements which h»» a n, 
the ,nvent.on also embraces disposable elements comprising a reference el^hoX wnrS , ' 
*> fusible .ink. Such e.ectrodes may be manufactured for example by screen tZ nfa' sub5 !,T *" 
an disposable element in accordance with EP 127958 bu, Jher inc^ S* lint ° ^ 



Claims 



conducting linK which may be fused to ensure single use o, ^TsSH'eme^t 
a. Z a A n2Te?zy e mr n ' """^ * **" *' *"* "» ^ode incorporates a mediator 

- 1 t^ttcSZSS* *° ^ P,eCedin9 C,aim - « he d « 

35 ifi"" e ' emen ' aCC ° ,C,in9 '° ^ C,aim - Wherei " at ««•■ « of .he electrodes is 

* ^:zt:i:zt, ,o c,aim 4 - Mn ,he workin9 m - - « ~ 

40 

& 01 SSST 1 aCC ° rdin9 10 ^ C ' aim - ^ 3 ,iMer * "•"*» - •** - - vicinity 

^ 7. A disposabfe element according to Cairn 6. wherein the fitter is a depth fitter with nonima, pore size 

50 
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